Introduction
We have recently reported 2 the first conclusive evidence that alkylalumoxanes.
prepared by the hydrolysis of AIR 3 , have the general formula of [(R)AI(A 3 -O)]n. Based on spectroscopic evidence, and confirmed by the X-ray crystallographic structural determination of [(tBu)AlO(3-O)] 6 and [(tBu)Al(A3-O)]9, we have shown that these compounds have three dimensional cage structures in which the aluminum centers are four-coordinate and the oxygen coordination environment involves the bridging three aluminum atoms. Furthermore, we have proposed that the major species present in methylalumoxane (MAO) 3 are also three dimensional cage structures. This proposal is in direct contrast to the conventional linear or cyclic two dimensional picture expounded by many researchers both in academia and industry, 4 but is clearly consistent with the known chemistry of aluminum,5. 6 and previous spectroscopic studies. 4 We now report further on the products formed upon the hydrolysis of Al(tBu) 3 , and provide evidence for the structural relationship between alkylalumoxanes and siloxysubstituted alumoxanes, alumina gels and the mineral boehmite. In addition. the molecular structure of our previously synthesized [(tBu) ]8 is reported.
Results and Discussion
Hydrated Salt versus Direct Hydrolysis of Al(tBu) 3 . We have previously reported 2 that the direct reaction of Al(tBu) 3 7 with one molar equivalent of water results in the liberation of iso-butane and the formation of the trimeric aluminum hydroxide [(tBu)2Al(At-OH)] 3 ; which upon subsequent mild thermolysis yielded [(CBu)Al(At3-O)]n (n = 6. 9 and 12) as the major products. In contrast, the thermolysis of a mixture of Al(tBu) 3 and a suspension of hydrated aluminum sulfate in toluene yielded [(tBu) 2 Al{ I.-OAl(tBu)2)] 2 as the major product. 2 suggesting that only half an equivalent of water had apparently reacted with AI(tBu) 3 . While hydrated aluminum sulfate is sold as the octadeca hydrate. A1 2 (SO 4 ) 3 -18(H 2 0) 8 , thermogravimetric analysis (TGA) of a 3 commercially available sample indicated that only 14 (± 1) waters of hydration are in fact present. Thus, a less than stoichiometric quantity of water was available for reaction with AI( t Bu) 3 . This realization has prompted us to reinvestigated the hydrated salt hydrolysis of AItBu) 3 .
The addition of Al(tBu) 3 to a suspension of A1 2 (SO4)3-14(H 2 0) in toluene followed by heating to reflux yields the dimeric aluminum hydroxide [(tBu) 2 Al(4-OH)] 2
(1), Eq. 1. Unlike its trimeric analog compound 1 does not decompose in the solid state at room temperature under an inert atmosphere. The presence of a hydroxyl group in compound 1 is substantiated by a singlet 1 H NMIR resonance at 1.12 ppm, and v(O-H) stretch (3697 cm-1 ) in the infrared spectrum.
The hydroxide resonance in the 1 H NMR spectrum is downfield of that observed for the trimeric analog, suggesting a reduction in the acidity of the hydroxide proton (see below).
The 27 A1 NMR spectrum of I exhibits a broad resonance at 132 ppm consistent with association of the hydroxide monomers to give a four-coordinate aluminum center. The dimeric nature of 1 (1) in the gas phase is indicated by the presence of a peaks in the mass spectrum due to M+ -H and M+ -tBu (see Experimental) .
While X-ray crystallographic data was obtained for 1,9 solvent loss problems preclude analysis of the structure. However, the cell volume, space group and partial solution was sufficient to confirm the dimeric structure of 1.
The reasons for the formation of a dimer from the salt hydrolysis route as opposed to the isolation of a trimer from the direct hydrolysis of Al(tBu) 3 are perhaps unclear.
However, it is worth noting that we have recently shown that aluminum alkoxides, [Me 2 Al(Ig-OR)In, previously reported as dimers actually exist as trimers and dimers in equilibrium,1 0 and the relative quantities of dimer and trimer present in a reaction mixture formed from AIMe 3 and an alcohol are dependent on the temperature of the AIMe 3 solution to which the alcohols were added: decreasing the temperature of reaction increases the relative quantity of trimer produced. From this we concluded that the trimeric alkoxides. [Me 2 AI(u-OR)1 3 , are the thermodynamic products while the dimers, [Me2AI(j±-OR)] 2 , are the entropically favored products at high temperatures. The same principles appears to apply to the formation of [(tBu)_ 2 AI(j±-OH)]n, since, the direct hydrolysis reaction was, for safety, carried out at -78 TC. while the salt hydrolysis must be carried out in refluxing toluene to enable complete reaction. If the reaction temperature controls the oligomerization of the hydroxide then carrying out the direct hydrolysis at 110 °C should result in the formation of the dimeric hydroxide; this indeed observed.
Addition of H 2 0 to a toluene solution of AI(tBu)3 heated to reflux [CA UTION. This reaction is extremely violent, see Experimental] yields 1 as the major product. Thus, low temperature hydrolysis of Al(tBu) 3 yields the trimer while the high temperature synthesis results in the isolation of the dimer.
In our previous studies we demonstrated that heating the alkoxide trimer resulted in its conversion to the corresponding dimer (Eq. 2). While, the alkoxide dimer is slowly converted to the trimer (Eq. 2) upon re-equilibration (ti/ 2 -2 -3 months). 
The high thermal stability of 1 compared to its trimeric analog may be due to a number of factors. First; if the elimination of iso-butane is an intra-molecular reaction then the distance and orientation between the hydroxide proton and the a-carbon of the terr-butyl group will control the relative ease of elimination. Second. the higher the acidity of the hydroxide proton, the more facile the elimination. In the present case both factors seem to be significant. It is difficult to estimate the relative acidity of the aluminum hydroxide groups, however, a crude correlation between the hydroxide acidity and the 1 H NMR chemical shift has been previously observed: t 2 a down field hydroxide proton correlates with an acidic hydroxide. The 1H 1 NMR chemical shift of the hydroxide in 1 (8 1.12) is upfield of that for [(tBu) Furthermore, the orientation between the hydroxide and the terr-butyl. as measured by the appropriate torsion angles suggests that the elimination should be more favorable in the trimer, which is indeed observed: /(H-O-Al-C) estimated to be approximately 69.5 * for 1, and determined to be 33 * for [(tBu) 2 Al(Ig-OH)] 3 . Given the similarity in the structure of the aluminum and gallium trimeric hydroxides, and the M-C bond strengths for aluminum and gallium, the stability of [(tBu) 2 Al(q-OH)] 3 and [(tBu) 2 Ga(g-OH)] 3 would be expected to be similar; which they are.
As noted above compound 1 is the major product isolated from the salt hydrolysis of Al(tBu) 3 , while [(tBu) 2 Al(g-OAl(q3u) 2 1]2 may be isolated if a less than stoichiometric hydrolysis is employed. However, synthesis of compound 1 on a sufficiently large scale (ca. 5 g) allows for the isolation, by fractional recrystallization. of a new tetra-aluminum product, [Al4(tBu) 7 (h±3-O) 2 (W-OH)] (2). The IH and 13C NMR spectrum of compound 2 are consistent with the presence of seven tert-buryl groups, in a 2:2:2:1 ratio, and a single hydroxide environment. The molecular structure of compound 2 has been confirmed by X-ray crystallography, however, the solution was hampered by significant disorder in the crystal lattice (see Experimental Section).
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The molecular structure of compound 2 is shown in Figure 1 ; selected bond lengths and angles are given in Table L The tetrameric structure of 2 consists of an A1 3 0 3 ladder core, with each of the aluminum atoms being four coordinate; the coordination sphere of AI(l) and AI(3) being that of two tert-butyl groups and two oxygen acoms, while that of Al (2) is one ten-butyl group and three oxygens. The remaining aluminum, Al(4), is three coordinate and bonded to one of the "end" oxides of the ladder. The formally coordinative unsaturation of AI (4) is undoubtedly due to the steric hindrance of the tert-butyl groups attached to AI(3) and Al(2), which preclude further aggregation. All the bond lengths and angles in compound 2 (Table I) However, the isolation of compound 2 would suggest that our previous isolation of [(tBu)Al(A3-O)] 8 was actually due to the non-stoichiometric hydrolysis conditions employed (see above). The IR spectra of 3 shows two v(OH) bands, one due to a free hydroxide (3585 cm-1 ) and one broad with increased intensity for the hydrogen-bonded hydroxide (3259 cm-1 ). The 1 H NMR spectra of 3 shows only a single resonance for the hydroxide groups Hydrolysis of Al(tBu)2(iBu). Like other workers, 7 we have found that the synthesis of AI(tBu) 3 from AIC1 3 and tert-butyl lithium results in the formation of AI(tBu) 2 (iBu) as a sometimes significant side product. The factors controlling the relative yield of AI(tBu) 3 and AI(tBu) 2 (iBu) are unclear, however, we have observed that once AI( t Bu) 3 is prepared in the absence of AI(tBu) 2 (iBu) then the former does not rearrange to the latter-, suggesting that the terr-butyl to iso-butyl rearrangement is promoted by impurities in the reaction mixture. Since we wish to maximize the yield of the rerr-butyl alumoxanes, we have investigated the hydrolysis of Al (tBu) compound 4 is consistent with a penta-aluminum compound, the structure of which has been determined by X-ray crystallography to be [Al 5 (tBu) 7 (.t3-O)3(W-.OH)2I (4).
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The molecular structure of compound 4 is shown in Figure 2 ; selected bond lengths and angles are given in 
The core structure of compound 4 is best considered to consist of the fusion of a sixmembered A1 3 0 3 [Al(1), Al(4) and Al (5)] ring with a four-membered A1 2 0 2 ring [Al(2) and Al (3) Thermal annealing of the solid results in a significant narrowing of the rings.
It is commonly observed that during the reaction of AIR 3 (R * t Bu) with water, soluble alumoxanes are only formed at low water-aluminum ratios. As the relative amount of water is increased, or as the reaction is permitted to proceed at higher temperatures, the reaction mixture often contains gels usually assigned to the formation of hydrated alumina from the reaction of AIR3 with a local excess of H20, Eq. 4.
+ H 2 0 + H20
However, during the synthesis of tert-butyl alumoxanes, we have previously not observed any gel formation, leading us to question the relationship of our alkylalumoxanes to these alumina gels. Based upon our isolation of compound 4 we now propose that the gel accumulation previously observed during alkylalumoxane synthesis is due to the formation of alkylalumoxanes with structures based not on open cage structures. but on a boehmite core. We propose that during the hydrolysis of AIR 3 the formation of hydroxide trimer is preferred at lower reaction temperatures; thermolysis of the trimer yielding soluble alumoxanes, however, if the temperature of the reaction mixture is sufficiently high, some fraction of the trimeric hydroxide will rearrange to the dimer, and/or the dimer will form directly. Condensation of the trimeric hydroxide will occur to yield soluble cage-like alumoxanes. With significant concentrations of dimer. however, the formation of compounds similar to compound 4 will result. Further condensation will yield the alumina gels containing the boehmite core structure. These reactions are summarized in as an impurity in 6 (see below).
The molecular structure of [(tBu)Al(uI3-O)] 8 (6) is shown in Figure 6 ; selected bond lengths and angles are given in The EI mass spectrum of the crystal of 6 used for X-ray crystallographic determination exhibits a fragment (ml: = 800. 100 %) consistent with [(tBu)Al(4. (ca. 4 g), and subsequent isolation of (A1 5 (tBu) 7 (9±3-O) 3 (g±-OH) 2 ] (ca. 0.7 g, 2.7 %) and
[A1 5 (tBu) 7 (Jt3-O) 3 (9. [ ( Crystallographic Studies. Crystals of compounds 2. 5 and 6 were mounted in glass capillaries attached to the goniometer head. X-ray data were collected on a Nicolet R3m/V four-circle diffractometer. Data collection unit cell and space group determination were all carried out in a manner previously described in detail. 21 The structures were solved using the direct methods program XS2 which readily revealed the positions of the Table IV ). Final atomic positional parameters are given in Tables V -VI.L After the successful location ot the Al, 0, and C atoms in the structural refinement of compound 2, a second molecule of [Al4(Bu) 7 (t3-O) 2 (,±-OH)] could be seen as a minor disorder in the electron difference map. The site occupancy factor for this second molecule was determined by refinement to be ca. 5 %. The positional and isotropic thermal parameters for this minor constituent were freely refined, however, they were subsequently fixed in the final refinement. The final R factor of this structure remained high despite the addition of the disordered component. We are at present attempting to further resolve this structural disorder, and the results of this study will be presented elsewhere. Since an examination of the cell packing diagram of 2 indicates that the presence of both orientations of the molecule within the same cell is impossible due to steric hindrance, then the apparent disorder must be due to the presence of crystal twinning. Unfortunately repeated attempts to obtain "single" crystals were unsuccessful. AI ( AI (1) 2262 (5) 119 (7) 4206 (1) 47 (2) Al (2) -918 (11) 1361 (9) 3976 (3) 57 (2) Al (3) 837 (5) 730 (7) 3470 (1) 46 (2) AI(4) -1552(5) 273 (7) 3116 (1) 55 (2) 0 (1) 950 (11) 699 (13) 3935 (3) 46 (4) 0(2) -894 (10) 1104 (12) 3499 (3) 45 (4) 0 ( (7) 167 (336) C (31) 2496 (34) 1806 (48) 3333 (8) 130 (16) C (32) 2626 (24) 3364 (32) 3266 (9) 73 (13) C (33) 3010 (20) 737 (35) 2997 (6) 114 (13) C (34) 3650 (18) 1287 (32) 3616 (5) 112 (13) C (41 AI (1) 7338 (1) 1907 (2) 7554 (1) 39 (1) AI (2) 6653(l) 644 (2) 8398 (1) 39 (1) AI (3) 6099 (1) 679 (2) 7085 (1) 42 (1) AI (4) 8500(l) -97 (2) 8256 (1) 39 (1) AI (5) 7745 (1) -132 (2) 6523 (1) 38 (1) 0 (123) 6343 (2) 1717 (3) 7752 (2) 38 (2) 0 (124) 7650 (2) 858 (3) 8226 (2) 35 (2) 0 (135) 7074 (2) 889 (3) 6851 (2) 36 (2) 0 ( C (13) 7444 (5) 4061 (7) 8213 (4) 89 (4) C (14) 6886 (6) 4073 (7) 7027 (5) 119 (5) C (21) 6303 (5) 718 (8) 9273 (4) 57 (3) C (22) 6716 (13) 1724 (18) 9657 (8) 190 (13) C (23) 5428 (9) 1143 (18) 9128 (7) 139 (10) C ( (4) 104 (5) C (33) 4583 (5) 1551 (9) 6851 (5) 131 (5) C (34) 5264 (5) 1538 (9) 5860 (4) 126 (5) C (41) 9463 (4) 826 (7) 8538 (3) 55 (3) C (42) 9637 (5) 1673 (9) 8005 (4) 136 (5) C (43) 9361 (5) 1559 (8) 9153 (4) 106 (5) C (44) 10199 (4) 106 (8) 8728 (4) 108 (5) C (45) 8395 ( C (52) 8573 (5) 1908 (8) 6116 (4) 104 (5) C (53) 8080 (7) 634 (10) 5196 (4) 177 (7) C(54) 9218(6) 81(10) 5955 (5) 155 (7) C ( (3) 4602 (1) 1634 (1) 6a63 (1) 37(1) Al (4) 4153 (i) 3993 (1) 6672 (1) 35 (1) 0 (1) 4111 (1) 3946 (2) 7599 (1) 40 (1) 0(2) 4444 (1) 1722 (2) 7723 (1) 45(i) 0 (3) 4690 (1) 2940 (2) 6564 (1) 41 (1) 0(4) 4637(i) 5165(2) 6876(I) 40(l)
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